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3.  Page  40,  3d  paragraph,  2nd  line  ~ 

Change;  This  was  probably  due  to  failure  of  . 

To  reads  This  was  probably  due  to  malfunction  of  ..... 

4.  Page  40,  3d  paragraph,  5th  line  - 


Change;  .  of  measurement)  was  less  than  the  charge  weight. 

To  read;  .  of  measurement)  was  more  than  the  charge  weight. 

5.  Page  45,  Table  IV,  3d  line  - 

Changes  F  Propellant  Impetus  3.78  ft-lb/lb 

To  reads  P  Propellant  impetus  3.78  x  105 
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OB.IECT 


To  verify  the  asstunptions  and  determine  the  empirical  approximations 
needed  to  simulate  the  Davis  Gun  principle  on  an  analog  computer. 


SUMMARY 

Standard  closed-brccch  interioi’-bullistic  equations  were  modified 
to  make  them  applicable  for  predl.ctlng  the  performance  at  reactionless 
launchers.  Following  this,  a  series  of  test  firings  were  made  using 
two  reactionless  launchers  of  the  Davis  Gun  type  for  obtaining  the 
test  firing  data  required.  Direct  and  high-low  launchers  were  con¬ 
sidered.  Concurrent  with  the  actual  test  firings,  an  analog  computer 
was  programmed  to  predict  the  performance  of  the  guns  using  the  same 
charge  weight,  propelled  weight  and  shot-start.  The  test  firing  data 
was  compared  with  the  curves  obtained  from  the  computer.  Using  the 
diiferences  noted,  certain  factors  of  the  original  equations  pro¬ 
grammed  into  the  computer  were  varied  in  order  to  bring  the  computer 
curves  into  close  agreement  with  actual  test  results .  These  factors 
included  heat  loss  coefficient,  initial  charge  burnt,  and  in  the  case 
of  the  high-low  gun  the  effective  mean  impetus  of  the  propellant  during 
the  ballistic  cycle.  It  was  concluded  that  the  knowledge  gained  can 
be  used  to  predict  and  optimize  the  performance  of  reactionlcos  systems 
and  recommended  that  research  be  conducted,  using  the  computer,  to 
establish  the  feasibility  of  hlgh-muzzle-velocity  launchers,  the  ejection 
of  unequal  and/or  large  weights,  the  simultaneous  firing  of  multiple  tube 
systems,  and  the  dynamic  brealcing  behavior  of  the  shot-start  rod  and 
cartridge  case.  It  was  further  recommended  that  a  factorial  type  program 
be  used  when  It  is  desired  to  obtain  data  for  analytical  studies  of 
ballistic  devices . 
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ANALOG  COMPUTER  STUDY  OF  REACII0NLES3  LAUNCHERS 


INTOODUCTIOK 


Aa  part  of  the  Advanced  Research  Projects  Agency  (ABPA)  Program 
which  envisions  ejecting  diversionary  objects  from  bju,iiBtic  aiaailes, 
Frenltford  Arsenal  was  authorized  to  investigate  methods  for  pactoaging 
and  launching  such  objects.,  under  the  admlnietration  of  the  Army 
Ballistic  Misalla  Agency  (iUBM) .  The  work  was  subsei^ently  assigned  ' 
to  Pltman-Dunn  laboratories.  A»  investigation  of  the  patents  on  the 
Bavls  Cun  and  various  texts  on  bsllistlcs  revealed  that  very  little 
published  worts  had  been  done  on  this  type  of  reactionless  gun.  One 
phase  of  the  project  was  en  analog  computer  stu^  to  investigate  the 
interior  balllatlcs  of  reactionless  lavxnchere.  This  report  covers  the 
computer  study.  It  gives  a  brief  description  of  designs  tested, 
followed  by  explanatione  of  the  test  firing  eetupa,  ballistic  theories, 
computer  setups  and  cotaputor  reeults  cussociated  with  each  design. 


H£ACTXGin£SS  LAUNCHER  ISISXGNS  XEST&B 


Launcher  Design  No.  1 

Launcher  No.  1  shown  on -F-igures  1,  2,  and  3  IB  a  direct*  system 
of  the  full  caliber**  type(l).  This  launcher  le  2k  inches  long  with 
a  smooth  boro  diameter  of  L.134  inches.  It  is  used  to  eject  two 
projectiles  with  force  in  opposite  directions  without  traaa- 

mittins  reaction  to  Itg  mounting  platfom.  For  e  ahot-etart  device 

*A  direct  system  is  ons^"in  which  the  projectile  acquires  Its  velocity 
as  a  result  of  direct  pressure  from  the  gases  of  the  burning  propellant. 

**ln  a  full  caliber  eyatea  the  projectile  dieuaetcr  is  the  same  size  as  the 
bore  of  the  gun,  l.e.  sabots  or  over  caliber  projectiles  with  spigots 
are  not  used. 

1.  Fronkford  Arsenal  Technicad.  Memorandum  m6o-26-1  "Decoy  Packeiging 
Launching  Studies"  (A) — Secret 


L 


Ifeg.  36,231  ,S0182/CBD.60 


Figure  1.  Assembly  IJm'wiog  of  Launcher  No. 


j.  36.231.3O237/0HD.6O 


I 
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SJ-gure  2.  Disassembled  Viev  of  Lauacber  Ho 


Neg.  36.231.S0807/0RD.60 
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REACTIONLESS  LAUNCHER  DESIGNS  TESTED 


Figure  3.  View  Showing  Propellant  Igniter  for  Launcher  No. 
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it  uses  6  pro,jectlle  conaecting  rod  calculated  to  'breaJs;  when  subjected  to 
a  predetermined  piill  force.  The  operation  of  launcher  No.  1  is  initiated 
by  two  electrically  fired  detonatorb  attached  to  opposite  ends  of  a  1-foot 
length  of  pyrocore  detonating  cord  which  is  wound  around  the  necJsed-down 
portion  of  the  rod.  When  the  pyrocore  cord  is  detonated  it  ignites  the 
propelleint  which  surrounds  It,  causing  a  pressure  to  be  built  up  between 
the  two  projectiles.  When  the  pressure  reaches  the  level  required  to  bresdc 
the  connecting  rod  at  the  naeked-down  section,  the  projectiles  start  to 
move  auid  are  eventually  ejected  from  the  launcher  tube. 


Launcher  Design  No.  2 


Direct  System 

Launcher  Mo.  2  shown  on  Figure  1*  (with  the  exception  of  the 
orifice)  was  originally  designed  as  a  direct  system  of  both  the  open  and 
closed  spigot  types.*  launcher  is  31  inches  lorig,  with  a  bore  di¬ 
ameter  of  2.25  Inchea.  Lnuccher  No.  2  operation  is  initiated  by  gas  pres¬ 
sure  from  an  extema.1  aoujpce  such  as  an  initiator.  The  gas  enters  the 
firing  head  and  propala  the  firing  pin  into  the  launcher  cartridge.  When 
the  cartridge  fires  the  propellent  gas  generated  flonfs  directly  into  the 
expansion  chamber  ^ere  it  act*  when  on  the  projectiles,  propelling  them 
from  the  chambar. 

hlgh-Lov  System 

The  leoiocher  So.  2  design  using  only  a  closed  spigot  was 
later  modified  as  seen  in  Figure  1  by  adding  an  orifice  plate  between  the 
cartridge  housing  and  the  launcher  tube  section.  ISie  purpose  of  the  orifice 
plate  was  to  produce  the  high-lo%'  ballistic  typo  eituation  where  the  gas 
is  generated  in  a  confined -vt»it®e  under  high  preesure  and  vented  through 
an  orifice  into  a  volime  of  lower  pressure. 


DIRECT  SYSTEMS 
Firing  Test  Setup 


Launcher  No.  1 

To  initiate  the  program,  calculations  of  charge  weight, 
pressure,  time,  projectile  velocity,  acceleration  and  travel  were  made 


*A  spigot  is  a  device  for  firing  a  projectile  from  a  gun  tube  which  is 
of  a  smaller  caliber  than  the  projectile.  It  la  usually  a  hollow  metal 
cylinder  with  the  ends  closed.  If  the  end  of  the  spigot  facing  the 
combustion  chamber  is  closed,  t]is  design  using  this  spigot  is  referred 
to  as  a  closed  spigot  design.  Conversely,  if  the  end  is  open  the  deei^ 
is  referred  to  as  an  open  spigot  design. 


REACTIOMLSSS  LAUWCIIER  DESIG!^  'EES'EED 
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based  on  projectile  diameter,  weight  and  travel^^^.  Test  launcher  No.  1 
wag  then  fired  to  verify  the  calculations.  Thlarteen  firings  were  made, 
including  four  exploratory  firings  to  check  out  the  system.  In  all  of 
the  test  firings,  two  25-polnt  weights  were  ejected  simultaneously  from 
the  launcher.  The  charge  values  used  for  these  firings  were  50,  6o,  and 
70  grams  and  the  static  shot-start  hreaking  pressures  were  JOO  and  1000 
psl. 


Two  klndfl  of  shot-start  rods  were  tested  in  this  system. 

One  kind  was  designed  to  break  under  a  static  tensile  stress  of  500  psl, 
the  other  at  lOOO  pal.  Since  the  tensile  strength  increases  at  high 
rates  of  loading,  the  actual  shot- start  pr-essures  in  the  test  firings 
were  substantially  greater  than  the  static  breaking  strengths  of-  the  rods . 

The  pressure  time  curves  for  the  firings  were  measured  and 
plotted.  Correct  travel  was  obtained  by  double  integrating  the  curves 
from  the  point  of  mxzzXe  exit  time  (which  appears  as  a  sharp  dip  in  the 
pressure  curve  at  the  and  of  the  stroke).  TOie  aero  points  for  travel  thus 
gave  the  points  on  the  pi’essure-tlme  curves  at  which  the  projectiles  began 
to  move,  and  hence  the  approximate  shot-start  breaking  pressures.  The 
ballistic  cycle  times  and  velocities  were  confirmed  by  evaluating  high¬ 
speed  movies  taken  during  the  tests. 

Bounds  T,  11,  12  were  considered  representative,  and  the 
curves  for  these  rounds  are  shown  in  the  "Computer  Results”  section  of 
this  report. 

Launcher  No.  2 


The  firing  program  for  Launcher  No.  2  (direct  system)  was 
divided  into  two  parts,  factorial  programs  B  and  C.  In  factorial  program 
B,  the  charge  weight,  propellant  web,  and  shot-start  rod  were  varied.  The 
spigot  type  and  projectile  weight  were  held  constant.  In  factorial  pro¬ 
gram  C,  the  shot-start  rod,  spigot  type,  and  projectile  weight  varied, 
and  the  charge  weight  and.  web  were  held  constant .  The  values  of  these 
variables  and  constants  aiv;  given  in  Table  I .  Since  there  were  three 
variables  for  each  program  end  two  value?  per  variable,  there  were 
eight  possible  oombinations .  Each  combination  was  fired  three  times; 
thus,  the  total  of  rounds  for  each  part  of  the  program  was  24. 

Pressure,  velocity,  eued  trave.l  data  were  obtained  in  the 
same  manner  as  for  Launcher  Wo.  .1.  The  curves  for  representative  rounds 
are  also  shown  In  "Computer  Results."  The  complete  firing  results  are 
given  in  Reference  No.  3* 


IT  Frankf ord  Arsenal  Technical  Memorandum  M6C-26-1  "Decoy  Packaging 
Launching  Studies"  (u)-“Se''rcv, 
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DIRECT  SYSTEMS 


Table  I.  Factorial  Programs  (Direct  System) 


Factorial  Program  B 

(Projected  weight  60  lb  closed  spigot) 

Charge  Weight 

Propellant  Web 

Shot-Start 
Static  Breaking 

(gra) 

(in.) 

Pressure  (psi) 

7 

0.016 

800 

7 

0.016 

1500 

7 

0.030 

800 

7 

0.030 

1500 

20 

0.016 

800 

20 

0.016 

1500 

20 

0.030 

800 

20 

0.030 

I^jOO 

Factorial  Program  C 

(charge  weight  20  gm^  propellant  web  0.016  in.) 

Projectile  Weight 

.  Shot-start  Static 

(113) 

Breaking  Pressure  (psi) 

Spigot  Type 

20 

Kone 

Open 

20 

None 

Closed 

20 

800 

Open 

20 

aoo 

Closed 

60 

None 

Open 

60 

None 

Closed 

60 

800, 

Open 

60 

800 

Closed 

Ballistic  Theory 

Assu-r;  tions  made  for  this  study  are  as  follows: 

1.  All  of  the  propellant  is  Ignited  simultaneously^  and  burning 
proceeds  identically  on  each  grain. 

2.  The  burning  of  the  ends  of  the  propellant  grains  is  not 

important . 

3.  The  heat  loss  is  proportional  to  the  kinetic  energy  of  the 
projectile. 

h.  There  is  no  pressure  or  temperature  gradient  behind  the 
projectile . 
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5.  Frictional  effects  are  negligible. 

6.  The  kinetic  energy  of  the  gases  is  negligible. 

7 .  The  effect  of  the  Initial  body  of  air  in  the  chamber  on  the 
temperature  at  any  time  is  negligible. 

8.  The  effects  of  the  igniter  charge  oh  the  pressure-time 
history  were  considei'ed  negligible.* 

9.  The  molecular  laaae  of  the  gaseous  products  of  combustion 
is  constant  during  the  burning  period. 

10.  The  specific  heat  of  the  propellant  is  constant. 

11.  Work  done  on  the  cheunber  and  shot- start  device  by  the 
expansion  of  propellant  gases  is  negligible  and  breaking  of  the  rod 
occurs  instantaneously  when  the  specified  pressure  is  reached. 

The  equations  used  in  the  computer  study  are  as  follows:** 

Acceleration-  The  projectile  acceleration  at  any  time  is: 

X  (1) 

w 

■where  A  »  the  bore  area  (in.^) 

6  *  the  acceleration  caused  by  gravity  (ft/sec^) 

W  «  the  projectile  wei^t  (lb) 

P  =  the  pressure  at  any  time  (ib/in.^) 

In  this  equation,  x  0  when  P^Pgg,  the  shot-start  pressure. 

^Exception  to  ■fchis  was  loade  in  the  case  of  the  small  charge  (2.5  gms) 
used  in  the  high  low  study.  (See  p  ^0,  para  3.) 

**See  Appendix  I  for  List  of  Symbols. 


10 


DIRECT  SISTENB 


Velocity  -  The  projectile  velocity  at  any  time  is: 

X  ■=  y*  xdt  (2) 

Travel  -  ISie  projectile  travel  at  any  time  is: 

X  =  12  /  xdt  (3) 

\rtiere  x  is  in  Inches,  and  x  is  In  feet  per  second 

Volume  -  The  volume  filled  by  the  propellant  gas  at  any  time  is: 

V  =  Vq  +  2Ax  -  (1) 

C  -  N 

where  the  quantity  ■  jf —  represents  the  volume  filled  by  the  charge 
remaining  unburned  at  any  time,  and  a.  N  represents  the  volume  filled  by 
the  molecules  of  the  gas .  The  factor  2  in  the  quantity  2Ax  appears 
because  two  projectiles  move  in  opposite  directions,  each  moving  x 
distance . 


Equation  of  State  -  The  equation  of  state  is: 

PV  =  N  n  R  T  (5) 


The  quantity  W  is  the  mass  of  the  gas  in  the  chamber  at  any  time.  This 
is  equal  to  the  mass  of  the  charge  burned  at  any  time.  The  quantity  n 
R  T  contains  the  units  of  specific  energy:  "n"  represents  the  number  of 
moles  (formed  by  burning  one  gram  of  propellant);  R  is  the  molar  gas 
constant  and  it  is  equal,  to  2782  ft-lb-raole-®K;  T  is  the  temperature  of 
the  propellant  gas  at  any  time,  t,  after  the  cartridge  case  bursts. 

In  ballistics,  a  quantity  known  as  the  "impetus,"  E,  of  the 
propellcuit  is  a  characteristic  of  its  chemical  composition.  F  is  in 
units  of  ft-lb/lb.  It  is  defined  by  the  equation: 

F  =  n  R  T^ 

In  this  equation,  I'o  ie  the  isochoric  adiabatic  flame  temperature - 
By  substitution,  the  equation  of  state  can  be  written  as: 

PV  =  NFT/Tq  (5a) 


If  the  volume,  V,  is  in  cubic  Inches,  and  if  it  is  desired 
to  determine  the  pressure  in  Ib/in.^,  the  equation  of  state  can  be 
v^rltten  as: 


L2NFT 


(5b) 
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Energy  -  The  povder  potential  Is  defined  by  the  eq,aatioa: 

e  w 

where  Cy  is  the  specific  heat  of  the  gas  at  constant  volume  and  is 
averaged  between  the  adiabatic  flame  temperature  and  a  temperature 
1000°K  lower.  Its  significance  lies  in  the  fact  that  it  is  approxi¬ 
mately  proportional  to  the  useful  energy  obtained  from  a  unit  mass 
of  propellant  used  in  a  given  ballistic  system. 

Cy  is  defined  as: 


Thus,  the  povder  potential, 


The  internal  energy  per  unit  masB,  e',  of  the  gas  at  any 
temperature,  T,  may  be  defined  as: 

e'  =  CyT 

nRT  _  FT 

r- 1  -  (r- 1)  Tq 

The  total  energy  available  for  doing  work  is: 

E  -  E'  =  NC^T^^  -  NCyT 

=  N  F  -  FT 

7- 1  (r- 1) 

=  ...  W....  (  1  - 

7-1  -^o 

It  has  been  shown  that  it  is  a  valid  assimiption  that  the  heat  loss, 
En,  at  any  time  in  the  ballistic  cycle.  Is  proportional  to  the  kinetic 
energy  of  the  two  projectiles  at  that  Instant: 


nR 

^v  - ^  _  1 


e  *  C  T 
V  o 


nRTo 

r- 1 

F 

r- 1 


2.  Corner,  ^'The'Theoiy  of  Internal  Balllstlca  of  Gujis,"  Willey, 


1950 
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En  = 


^Wx 


The  kinetic  energy  of  the  two  projectiles  is: 


K.E. 


2 

Wx 

S 


The  complete  energy  equation  may  be  derived  by  equating  the 
total  energy  released  by  the  propellant  minus  the  total  intemeil 
energy  of  the  gas  at  any  time,  to  the  sum  of  the  heat  lost  and  the 
kinetic  energy: 


E  -  E'  =  E„  +  K.E.  (6) 

2  2 

Ml-  (1  )  =  /^Wx  +  ^  (6a) 

r- 1  To  g  '  g 


Equation  of  energy  and  state  -  A  combined  equation  of  energy 
and  state  may  be  obtained  by  eliminating  T/Tq  between  equations  (5b) 
and  (6a) .  This  gives: 

12NF  -  12  (r  -  1)  (;S+  1)  -  (7) 

P  «  _ ^ 

V 

Gas  production  -  The  equation  of  gas  production  is: 

=  yO  Sr  (8) 

Where  K  =  the  rate  of  production  of  gas 

S  =  the  burning  surface  area  of  the  propellant 

P  -  the  density  of  the  propellant 

r  =  the  linear  burning  rate  of  the  propellant 

In  this  discussion,  only  single-perforation  propellant  grains  will  be 
considered.  For  these,  the  burning  surface,  S,  remains  constant  since 
burning  of  the  ends  of  the  grains  can  be  ignored  if  the  ratio  of  the 
grain  web,  w,  to  the  grain  length,  is  sufficiently  small. 
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To  determine  the  total  burning  surface  area,  Sj  of  a  propellant 
charge,  assuming  that  the  individual  grains  ignite  IsoohrQfiic&lJy  and  bditn 
uniformly,  consider  aa  Individual  grain  with  a  surface  (excluding  its 
ends)  of  S^.  This  surface  is  equivalent  to: 

»  2'/rLi  (Ri  +  R2) 

The  density,  />  ,  of  the  propellant  may  be  found  in  the  following  manner. 
The  volume,  of  the  individual  grain  of  propellent  is: 

Vi  = tr Li(Ri^  -  R2^) 

The  density  of  a  propellant  grain,  /»i>  is  obtained  by  dividing  the  weight 
of  the  individual  grain,  Cj_,  by  its  volume: 


V- 


i  ^Li 


The  mass  of  the  gas  produced  per  unit  time  by  "n"  grains  of  solid 
propellant  of  density,  /o  ,  each  with  a  burning  surface,  Sji,  and  density, 
/3^,  can  be  written: 


n 

N  =  ^3r  = 

n  2C. 

V  „ 

The  sum, 

Pi  Si  . 

Ri  -  R„  R 

1  »  1 

i  =  1  1  2  1 

However,  the  web 

is: 

w  =  Rj^  -  R2 

Therefore , 

V 

2C 


In  addition,  the  linear  burning  rate  is:  r  =  BP®- 

2CBP®  ^ 

N  =  - 


/-  N  -t 

4 


Substituting  for  r; 
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vhere  Eq  mass  of  the  propellant  burned  when  t  =0  (at  the  time 

the  cartridge  case  bursts) . 

The  mass  of  the  £ds  produced  at  any  time  is: 


t 

2CB  r  _ 

N  =  +  -  J  P^dt 

o  w  o 

Computer  Setup 

The  operation  of  Reactionless  Launchers  Numbers  1  and  2  (direct 
system)  was  simulated  with  a  Goodyear  Electronic  Differential  Analyzer 
(GEDA)j  Model  GN  215-L3.  An  electrical  analog  (Figure  5)  vas  devised 
which  wo\ild  exhibit  the  same  dynamic  behavior  as  this  type  of  launcher 
The  computer  vas  then  programmed  to  solve  the  ballistic  equations  for 
those  launchers .  Comparison  between  computer  and  experimental  curves 
was  made  by  making  the  points  at  the  end  of  the  two  travel  curves 
coincident.  Once  this  point  (and  thus  the  length  of  stroke)  was  es¬ 
tablished  the  difference  in  shape  of  the  pressure  curves  and  any  phase 
shift  between  them  could  be  determined. 

The  analog  employed  10  amplifiers,  10  potentiometers,  4  diodes, 

19  fixed  resistors,  2  variable  resistors,  5  capacitors,  2  multipliers, 
1  fxinetion  generator,  and  1  relay.  Appendix  I  shows  the  sumbols  which 
denote  these  components  on  the  analog  schematic.  The  resistor  values 
are  in  megohms,  and  the  capacitor  values  are  in  microfarads.  The 
potentiometer  values  represent  the  inputs  to  the  computer.  Table  II 
shows  the  constants  I'or  Launchers  Numbers  1  and  2  (direct  system) . 
Table  III  shows  the  variables  for  each  round  selected  for  simulation. 

The  circuit  containing  amplifiers  23  and  24  (Figure  5)  simulates 
the  effect  of  the  necked-down  rod.  Initially,  potentiometer  17  keeps 
the  plate  of  the  associated  diode  negative,  so  that  the  diode  does  not 
conduct .  When  the  pressure  reaches  a  certain  value  (proportional  to 
the  predetermined  shot-start  pressure),  the  diode  conducts.  The  re¬ 
sulting  output  of  amplifier  23,  energizes  the  relay  coil,  switching 
in  the  circuit  containing  amplifiers  20,  17,  and  I9,  which  control  the 
acceleration,  velocity,  and  travel. 
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Ta.ble  II  - 

Constants  for  Launchers  Numbers  1  and  2  I 

Launcher  No.  1 

a 

Burning  rate  exponent 

0.77 

B 

Burning  rate  coefficient 

2.6  X  10~3  In./sec-psi^ 

d 

Bore  diameter 

4.134  in. 

F 

Impetus  of  the  propellant 

3.78  X  105  ft-lb/lb 

g 

Acceleration  caused  by  gravity 

32.2  ft/sac 2 

To 

Adiabatic  flame  temperature 

3386  Ok 

Vo 

Initial  volume 

77  in. 3 

V/ 

Projectile  weight 

25  lb 

w 

Web  of  the  propellant 

0.016  in. 

Xt 

Total  travel  (stroke) 

9-0  in. 

a 

Specific  volume  of  the  gas 

28  in.^lb 

/$ 

Heat  loss  coefficient 

2.0 

r 

Ratio  of  specific  heats 

1.23 

p 

Density  of  the  propellant 

0.06  lb/in,3 

Launcher  No.  2  (Direct  System) 

d 

Bore  diameter 

2.25  in. 

F 

Impetus  of  the  propellant 

3.78  X  105  ft-lb/lb 

g 

Acceleration  caused  by  gravity 

32.2  rt/sec2 

Vo 

Initial  volume 

with  closed  spigot 

32.8  in. 3 

with  open  spigot 

82.9  in. 3 

Total  travel  (stroke) 

with  closed  spigot 

11.5  in. 

with  open  spigot 

14.875  in. 

Heat  loss  coefficient 

2.0 

r 

Ratio  of  specific  heats 

1.23 

ANALOG  COMPUTER  STUDY  OF  REACTIONLESS  LAUNCHERS 
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Table  III.  Variables  for  Launchers  Numbers  1  and  2 


Launcher  Wo.  1  (Direct  System) 

C  Charge  weight 

Pag  Shot-start  breaking* 
Pressure  (actu^tl) 

Psa^  Static  shot -start 
breaking  pressure 

Rd7 

Rd  11 

Rd  12 

6o  gm 

2500  psl 

500  psi 

60  gm 

3325  psi 

1000  psi 

70  gm 

4000  psi 

1000  psi 

Launcher  No.  2  (Direct  System) 

Factorial  B 

C  Charge  weight 

Pgg  Shot-start  breaking* 
pressure  (actual) 
Pss'^  Static  shot-start 
breaking  pressure 
w  Propellant  web 

Rd  4 

Rd  11 

Rd  12 

Rd  20 

7  m 

1250  psl 

8Q0  psi 

0.0l6  in. 

20  gm 

1900  psi 

1500  psi 

0.030  in. 

20  gm 

2000  psl 

0.016  in. 

7  gm 

860  psi 

0.030  in. 

Factorial  C 

Vq  Initial  volume 

w  Projectile  weight 

Rds  1,10,24 

Rds  4,8,23 

Rds  5,20,22 

Rds  6,15,19 

82-9  in. 3 

6o  JLb 

32.8  in. 3 
20  lb 

82.9  in. 3 

20  lb 

- — 

32.8  in. 3 

60  lb 

Potentiometer  l8  limits  the  maximum  output  of  amplifier  23-  At  a 
predetermined  output  of  amplifier  23>  the  diode  temporarily  conducts, 
shorting  out  the  amplifier.  The  circuit  containing  amplifier  24  prevents 
the  output  of  amplifier  23  from  dropping  below  the  level  neces.sary  to 
keep  the  relay  coil  energized. 


*Tl!ese  vo,lues  were  determined  from  the  experimental  P-T  (see  p.  7,  para  3). 
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Ccmpuber  Results 


Launcher  Mo .  1 

Curves  were  computed  for  chree  representative  rounds 
fired,  with  Launcher  No.  1.  The  heat  lo.ss  coefficient  of  2.0  was  finally 
selected.  This  was  found  to  produce  the  best  agreement  with  the  ex¬ 
perimental  curves • 

Figures  6 ,  '{ ,  and  8  shew  both  the  computed  and  experimental 
curves  for  rounds  8_,  12^  and  ll,,  reapective.Ly .  The  rates  of  pressure 
increase  in  the  computed  and  the  experimental  curves  at  the  shot-start 
breaking  point  were  virtuall.y  identical.  The  times  from  shot-start 
breaking  point-to-peak  pre.«sure  in  the  computed  and  experimental  curves 
were  virtually  identical.  In  addition,  there  was  good  agreement  between 
the  computed  and  the  experimenta.!  curves  for  velocity. 

There  is,  however,  a  significant  difference  between  the 
early  parts  of  the  computed  and  experlmentaJ.  pressure- time  curves  in  all 
of  the  figures .  Adjustments  in  initial  charge  burnt  can  be  made  to 
compensate  for  these  differences  but  it  was  not  done  at  this  point. 

The  principal  factors  which  affected  ignition  in  Launcher 
No.  1  are  as  follows: 

i..  The  propellant  in  Launcher  No.  1  firings  was  ignited 
by  a  coil  of  Pyrocore . 

2 .  The  cartridge  case  which  held  the  propellant  and 
Pyrocore  was  made  out  of  cardboard  and  could  not  retain  the  gas.  Cori- 
sequent-ly,  the  ignition  de.lay  times  tended  to  be  long.,  The  unusually 
long  delay  time  for  round  .12  shows  that  the  Performance  of  this  type  of 
ignition  system  is  marginal. 

Launcher  No..  2 


When  the  computer  was  first  programmed  to  solve  the 
ballistic  equations  for  Launcher  No .  2,  the  amount  of  charge  burned 
initially  (Nq)  was  at  first  assumed  to  be  zero.  A  standard  aluminum 
cartridge  case  was  used,  and  It  was  thought  that  this  cartridge  case 
would  have  a  negligible  effect  on  propellant  burning. 

In  the  B  factorial  program,  the  Initial  slopes  of  the 
coniE'Uter  pressure-time  curvob  verr  less  than  those  for  the  experimental 
curves.  (See  sheet  1  of  Figures  9>  10*  11>  and  .12).  The  peak  pressureo 
were  nearly  the  same.  The  ■t.im':’  from  t.he  initial  pressure  rise-to-peak 
pressure  v/as  considc rcl'Ly  Long<=r  for  t,hc  computer  curves.  The  velocity 
and  travcj,  r.ijrves  wore  .ip  close  fu' reement . 
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Figure  9.  Launcher  No.  2,  Factorial  B,  Round  No,  if,  (Sheet  l) 
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Figure  9«  Launcher  Ho.  2,  Factorial  B,  Round  Ho.  k,  (Sheet  2) 
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Figure  10.  Launcher  No.  2,  Factorial  B,  Round  No.  11  (Sheet  2) 
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Figure  11.  launcher  Ko.  Z,  Factorial  B,  Bound  No.  12  (Sheet  l) 
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Figure  11.  Launcher  No.  2.,  Factorial  B,  Round  No.  12  (Sheet  2) 
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Figure  12.  Launcner  Ko.  2,  Factorial  B,  Round  No.  20  (Sheet  l) 
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'Figure  12.  Launcher  No.  2,  Factorial  B,  Round  No.  20  (Sheet  2) 
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In  factorial  program  C,  the  initial  slopes  of  the 
computer  pressure-time  curves  were  much  less  than  those  of  the  ex~ 
perimantal  curves.  (See  sheet  1  of  Figures  13^  14,  15,  and  l6.) 

The  difference  between  peak  pressures  was  very  large,  as  much  as 
1700  psi  in  one  case.  The  ballistic  cycle  times  differed  by  as  much 
as  17  milliseconds,  and  the  velocity  and  travel  curves  also  were  far 
from  3,greeing  with  their  experimental,  counterparts. 

As  a  result  of  these  discrepancies,  it  was  assumed 
that  the  amount  of  charge  burned  at  the  beginning  of  the  ballistic 
cycle  was  20  to  25  percent  of  the  total  charge.  (The  beginning  of 
the  ballistic  cycle  was  then  assumed  to  be  the  time  when  the  aluminum 
cartridge  case  bursts.)  The  initial  amount  of  the  charge  burned  was 
varied  between  these  limits  to  produce  the  closest  agreement.  This 
was  accomplished  by  varying  the  setting  of  potentiometer  9*  (See 
Figure  5.)  An  increase  in  the  setting  of  potentiometer  9  represented 
a  greater  amount  of  charge  initially  burned. 

The  resulting  computer  curves  showed  closer  agreement 
with  the  experimental  curves.  (See  sheet  2  of  Figures  10,  11, 

12,  13,  l4,  15>  and  16.)  The  slope  of  the  pressure-time  curve  in¬ 
creased  and  the  time  from  initial  pressure  rise  to  peak  pressure  de¬ 
creased. 


An  experimental  program  is  now  being  conducted  to 
determine  at  what  pressures  the  standard  CAD  cartridge  cases  burst 
under  different  rates  of  loading.  In  the  instance  described  above, 
it  seems  feasible  that  20  to  25  percent  of  the  charge  was  burned  be¬ 
fore  the  cartridge  burst. 

All-Burnt  -  It  is  possible  to  determine  all-burnt  points 
readily  from  gas-produced- time  curves .  The  amount  of  gas  produced  rises 
to  a  maximum  and  then  levels  off  at  the  all-burnt  point.  The  all-burnt 
points  were  determined  for  a  number  of  rounds  in  the  factorial  A  and 
B  programs  of  Launcher  No .  2 .  The  location  of  the  all-burnt  point  may 
be  affected  by  three  of  the  V0,riabl83  in  this  series  of  experiments: 

1.  Increasing  the  strength  of  the  shot- start  rod  causes 
the  propellant  to  burn  more  rapidly.  This  tends  to  displace  the  all- 
burnt  point  nearer  to  peak  pressui'e, 

2.  Increasing  the  amount  of  charge  initially  burnt  tends 
to  displace  the  point  nearer  to  peak  pressure.  See  round  11,  factorial 
B,  for  example.  (Figui’e  10,  sheets  1  and  2) 

3.  Increasing  the  web  tends  to  displace  the  all-burnt 
ptjiut  faither  from  peak  pressure,  since  more  time  is  required  to  burn 
through  a  larger  web. 
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All-bumt  points  were  not  noted  for  all  computer  curves,  since 
the  primary  purpose  of  this  study  was  to  develop  a  method  for  simulating 
the  performance  of  a  reactionless  launcher  on  a  computer.  In  simulating 
the  performance  of  a  theoretical  launcher;;  however,  it  would  be  of  in¬ 
terest  to  know  the  all-burnt  points  for  the  following  reasons; 

1.  In  a  closed  system  (l.e.,  a  system  in  which  the  piston 
is  stopped  by  a  shoul,der,so  that  It  does  not  leave  the  tube),  the  launcher 
tube  may  burst  if  the  prope,llaat  continues  to  burn  after  the  piston  has 
completed  its  stroke. 

2.  A  better  velocity  uniformity  may  be  obtained  when  the 
all-bumt  point  occurs  at  or  close  to  peak  pi-essure. 


HIGH-LOW  SYSTEM 


Firing  Test  Setup 

Launcher  No.  2  was  modified  by  adding  an  orifice  plate.  It  was 
then  fired  in  factorial  program  A,  in  which  the  charge  weight,  shot- 
start  rod,  and  orifice  were  varied.  The  projectile,  weig!:rt  was  20 
poinnds.  The  values  for  the  variables  were  as  follows: 


Charge  Weight 


2.5  grams 
6.0  grams 


Factorial  Program  A 
Shot-Start  Rod 


?C'0  psi 
0  psi 


Total  Orifice 

0.0463  in.^ 
0.06486  in.^ 


The  total  orifice  area  was  determined  by  the  number  of  holes  in 
the  orifice  plate.  (See  Figure  4.)  One  orifice  plate  conta.ined  35 
holes,  giving  it  a  total  open  8,rea  of  0.0463  in.^;  the  other  plate 
contained  49  holes,  giving  it  a  total  open  area  of  0.06486  in.^. 


A  number  of  difficulties  were  encountered  in  the  inst.-njmentation 
for  the  high-low  phase  of  the  test  program;  therefore,  the  round.s  chosen 
to  be  simulated  were  those  for  which  the  total  amount  of  gas  discharged 
through  the  orifice  was  clcsost  to  the  Initial  charge  weight.  This 
condition  was  determined  as  follows; 
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The  applicable  equation  for  the  charf^e  is; 

c  =  f 

where  C  is  the  chai'ge  weight 

Kc  is  the  gas -discharged  coefficient  for  sonic  flow 
A-t  is  the  total  orifice  area 

P  is  the  pressure  in  the  high-pressure  chamber 
t  is  time. 

The  ratio  of  the  pressures  in  the  two  chambers  determines  the  value 
of  the  discharge  coefficient.*  In  this  calculation,  Kc  was  assumed 
to  be  the  sonic  discharge  coefficient  for  M2  propellant,  which  has  the 
value,  6  X  10“ 3 /sec. 

It  was  assujned  that  the  charge  was  completely  burned,  and  that  all 
of  the  gas  produced  eventually  passed  from  the  high-pressure  chamber 
to  the  low-pressure  chamber.  The  pressure-time  curves  for  the  high- 
pressure  chamber  were  integrated  by  planimeter  to  obtain  y  Pdt .  The 
product,  KcAt  Pdt,  represents  the  amount  of  gas  discharged  through 

the  orifices.  This  product  should  be  approximately  equal  to  the  charge 
weight . 

In  some  cases,  the  amount  of  gas  discharged  was  less  than  the 
charge  weight .  This  was  probably  due  to  failure  of  the  pressure¬ 
measuring  instrumentation.  In  the  case  of  the  rounds  in  which  2.5- 
gram  charges  were  used,  the  amount  of  gas  discharged  (calculated  by 
the  aforementioned  method  of  measurement)  was  less  than  the  charge 
weight.  This  was  due  to  the  effect  of  the  1-grara  black-powder  igniter. 
For  these  rounds,  the  charge  was  increased  by  approximately  10  percent 
to  compensate  for  the  additional  gas  contributed  by  the  Igniter. 

The  curves  for  the  rounds  selected  in  this  manner  (gas  discharged 
is  approximately  equal  to  charge  weight)  are  shown  in  "Computer  Results." 
The  percentages  of  error  bebween  gas  discharged  and  charge  weight  for 
the  rounds  whose  curves  were  simulated  are: 


*See  Appendix  II,  "Gas  Discharge  in  a  High-Low  System. 


ANALOG  COMPUTER  STUDY  OP  REACTIOWLESS  LAUNCHERS 


hi 


Round 


Percentage  of  Error 


4  (2.7  gms**) 

+1.0^ 

21  (2.7  ms**) 

+7.5^ 

14  (6  gms) 

lO  (6  gms) 

o.oi> 

A  plus  sign  means  that  the  calculated  quantity  of  gas  discharged  was 
greater  than  the  charge  weight. 


Ballistic  Theory 

The  assiunptions  made  for  the  direct -system  study  were  also  con¬ 
sidered  to  apply  to  the  high-low  system  (including  the  assumption  of 
initial  charge  burnt).  Additional  assiunptions  are  discussed  below. 

A  dual  isothermal.  mode.l  wr.s  considered  to  represent  the  high-low 
ballistic  system,  In  such  a  models  the  temperaLure  of  the  gases  within 
both  chambers  is  constant  throughout  the  entire  ballistic  cycle.  The 
assumptions  made  from  this  model  are  as  follows: 

1.  The  temperatures  of  the  burning  gases  in  the  high-pressure 
chamber  can  be  replaced  by  a  mean  value  corresponding  to  an  effective 
mean  impetus,  Xh^  constant  value.  The  value  of  X  h  =  0.92  F  (where 
F  =  n  R  To  is  the  actual  impetus  of  the  propellant  used)  gave  the  best 
results . 


2.  The  temperature  of  the  gases  in  the  low-pressure  chamber, 
because  of  turbulence,  gas  expansion,  and  heat  loss,  can  be  replaced 
by  a  mean  value  corresponding  to  an  effective  mean  impetus,  Xl.>  of 
constant  value,  \l  =  0.7  Xh- 

3-  The  heat  .loss  coeffic.l  ent,  is  equal  to  2.0. 

4.  The  propellant  consists  only  of  single -perforation 
grains  with  no  end  burning. 

5.  The  equations  developed  for  programming  on  the  GEDA  analog 
computer  are  as  follows: 


**Charge  adjusted  to  account  for  the  Igniter  effect.  In  programming 
these  rounds,  the  e.ffect  of  the  igniter  material  was  accounted  for 
by  adjusting  the  value  of  the  i.n.i  tiai.  charge  burnt. 
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Acceleration: 

A  g 

X  =  - — 

W 

where  x  >0  when  >  Pss* 
Velocity; 


Travel: 

X  =  12  J"  X  at 

Equation  of  state  (high-pressure  chamber): 
PjjVfj  =  12  (N  -  W)  Vy 

where  »  V^h  -  ^  (N-N') 

Equation  of  state  (low-pressure  chamber): 

P^Vl  =  12  N'  Xl 
where  Vl  =  (VqL  +  2AX  -  aK') 

Gas  production  in  the  high-pressure  chamber: 

2CB  Z'  „  a. 

^  “  ^o  J 

Gas  discharge  into  the  low-pressure  chamber’'-*: 
N'  =  At  /*  ^KcPH<it 


(1) 


(2) 

(3) 


(4) 


(5) 


(6) 

(7) 


*Pgg  is  the  actual  shot-start  rod  breaking  pressure. 

**The  derivation  of  and  special  assumptions  for  this  equation  are 
given  in  Appendix  II . 
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where  K^,  = 


y  +  1 


r+i' 

y-i 


1 

2 


Equation  of 


energy  balance: 


N*  n- 

V  -  I  * 

/ 


(  y  ) 

7-1 


-  (1  +  B  )  I 


(8) 


where  N' 

r  - 1 


represents  the  total  internal  energy  of  the  propellant 
gas  in  the  low-pressure  chamber  at  any  time. 


(1  >  ^  )  I  V2 


represents  the  total  heat  loss  and  the  kinetic  energy 
of  the  projectiles. 


N'r  Xh 

7-1 


represents  the  kinetic  and  thermal  energy  of  the  gas 
discharged  into  the  low-pressure  chamber.* 


Computer  Setup 

The  operation  of  Reactionless  Launcher  No.  2.,  high-low  system, 
was  simulated  by  an  electrical  analog  (Figure  I?).  Table  IV  shows 
the  constants  and  Table  V  the  variables  which  determined  the  val.ues 
of  the  potentiometers  for  each  round. 


*This  term  is  equivalent  to  N'CpTjj  (where  T^  is  the  effective  mean 

temperature  in  the  high-pressure  chamber  during  the  ballistic  cycle) 
as  is  apparent  from; 


=  N'7CyT^  =  N-7  ( 


nR 


I>  -  -■ 


n'7 


H 


r  - 1 


1  =  nU  T 

' '  ii  i) 


N-CpTjj 


wile  re 


Neg.  36.231.S370O/0RD.6O 
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Eigure  17.  Computer  Analog  for  Simulating  Hi^-Low  System  Firings 
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Table  IV.  Constants  for  Launcher  No.  2  (High-Low  System) 


A 

Bore  area 

3.978  in. 2 

d 

Bore  diameter 

2.25  in. 

F 

Propellant  impetus 

3.78  ft-lb/lb 

g 

Acceleration  caused  by  gravity 

52.2  ft/sec^ 

Kc 

Gas  discharge  coefficient  for  sonic  flow 

6  X  10"3/sec 

W 

Projectile  weight 

20  lb 

w 

Web  of  the  propellant  gre,in 

0.016  in. 

VqH 

Initial  volume  of  the  high  pressure 
chamber 

2.9  in. 3 

VqL 

Initial  volume  of  the  low-pressure 
chamber 

31.0  in. 3 

Xt 

Total  travel  (stroke) 

11.5  in. 

/3 

Heat  loss  coefficient 

2.0 

y 

Ratio  of  specific  heats 

1.25 

Effective  mean  impetus  in  the  high- 
pressure  chamber 

3. 18  X  105  ft-lb/lb 

Effective  mean  impetus  in  the  low-pressure 
chamber 

2.13  X  105  ft-lb/lb 

Table  V.  Variables  for  Launcher  No.  2  (High-Low  System) 


Rd  4 

Rd  21 

Rd  ll 

Rd  18 

C 

Charge  weight 

2.5  gm 

2.5  gm 

6.0  gm 

6 .0  gm 

^ss 

Shot-start 

200  psi 

200  psi 

0  psi 

loo  psi 

breaking  pressure 

0.0163  in 

O.O6I86  in.^ 

^t 

Total  orifice  area 

0 . O6I86  in . ^ 

0.061(86  in. 2 

This  anaJ-og  is  similar  to  the  analog  for  the  direct  system.  Its 
operation  is  straightforward.  The  amount  of  charge  initially  bumt^  the 
shot-start  rod,  and  the  back-pressure  factor  were  compensated  for  as 
follows; 


1.  The  amount  of  charge  initially  burnt  was  set  by  a  potentiom¬ 
eter  which  was  added  between  the  reference  voltage  and  amplifier  11  (fjoten- 
tiometer  3  in  Figure  I?)* 

2.  The  switch  on  the  output  of  amplifier  l8  is  part  of  a 
comparator  circuit  (Figure  5)  which  compensated  for  the  effect  of  the 
shot-start  rod.  This  separate  circuit  (not  shovm  in  Figure  .17)  energizes 
the  coil  of  a  relay  when  the  pressure  reaches  a  predetermined  value ,  thus 
rvrftehing  in  the  velocity  and  travel  circuits. 
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3.  The  circuit  enclosed  by  dotted  lines  compensates  for 
any  change  in  the  hack-pressure  factor.  As  the  pressure  ratio, 

changes,  the  back  pressure  factor,  ^  ,  may  change.  (See  Appendix  II, 

"Gas  Discharge  in  a  High-Low  System.*')  A  change  in  /  affects  the  mass 
of  gas  discharged  to  the  low  pressure  side  and  thus  the  energy  available 
to  propel  the  projectiles.  However,  a  number  of  tests  showed  that  Pl/Ph 
was  always  less  than  O.56  for  this  launcher.  The  back-pressure  factor, 

^  j  then  was  always  equal  to  1,  and  the  flow  depended  only  on  the  value 
of  Pg,  the  pressure  in  the  high-pressure  chamber.  Consequently,  this 
circuit  could  have  been  eliminated  from  the  analog. 

The  channels  and  variables  recorded  were  as  follows: 


Channel 


Variable  Recorded 


1  Pressure  in  the  low-pressure  chamber 

2  Velocity 

3  Travel 

k  Gas  discharged  into  the  low- 

pressure  chamber 


Computer  Results 

In  order  to  malce  a  proper  comparison  between  the  experimentally 
obtained  curves  and  those  obtained  from  the  computer,  the  experimental 
pressure-time  curves  were  analyzed  to  determine  the  amount  of  gas  dis¬ 
charged  through  the  orifices.*  Rounds  4,  iL,  I8,  and  21  (see  Figures 
18,  19,  20,  and  2l)  were  chosen  for  simulation  because  the  analysis 
showed  that  the  weight  of  the  gas  discharged  through  the  orifices  in 
these  rounds  was  closest  to  the  original  charge  weight. 

As  in  the  D  and  C  factorial  programs,  it  was  necessary  to  assiuae 
that  a  significant  amount  of  the  charge  was  initially  burned.  The 
percentage  of  the  charge  burnt  befoi-e  travel  begins  was  inversely  pro¬ 
portional  to  the  total  charge.  Since  the  same  type  of  cartridge  case 
(M29A2)  was  used  for  both  charges  (2.5  and  6.0  grams),  a  larger  per¬ 
centage  of  the  2.5-gram  charge  was  required  to  burst  the  cartridge 
case.  The  values  assumed  varied  from  3*8  to  13-6  percent,  for  the 
rounds  which  were  simulated,  the  smaller  percentage  being  for  the 
larger  charge . 

In  general,  the  curves  determined  by  analog  simulation  agree  closely 
with  the  curves  determined  by  actual  firing  tests . 


*Gee  "High-Low  System,  Firing  Test  Setup 
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Figure  18.  Launcher  No.  2,  Factorial  A,  Round  4 
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Figure  20.  Laiincher  No.  2,  Factorial  A,  Round  No.  l4 


Keg.  36.231.S3V02/0RD.60 


50 


KIGH-LOW  SYSTEM 


(  sdj  )  jiioom 


{  rsj  )  HOiH 


^figure  21.  Launclier  Ko.  2,  Factorial  k,  Round  Ko.  l8 
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CONCLUSIONS 


Direct  System 

The  reasonably  close  agreement  obtained  for  the  direct  system 
launchers  shows  that  it  is  now  possible  to  simulate  direct  system 
designs  on  the  computer.  The  facts  listed  below  are  applicable  to- 
this  type  of  system. 

1.  The  amount  of  charge  initially  burnt  (20-25  percent)  is  on 
impoi-tant  factor  in  the  interior  ballistics  of  a  direct-system  re¬ 
actionless  launcher  where  an  aluminum  cartridge  case  is  used. 

2.  A  heat  loss  coefficient  of  about  2  is  representative  of  this 
system  and  propellant  (M2). 


High-Loxf  System 

The  very  close  agreement  obtained  for  the  high-low  reactionless 
launcher  shows  that  the  dual  isothermal  model  is  a  useful  representa¬ 
tion  of  this  type  of  system.  It  is  now  possible  to  simulate  other  high- 
low  system  designs  on  the  computer. 

For  this  particular  design  of  high-low  launcher,  the  use  of  the 
back-pressure  factor  to  account  for  subsonic  flow  is  unimportant  and 
can  be  neglected. 

The  amount  of  charge  initially  burnt  at  the  time  the  cartridge 
bursts  has  a  significant  effect  on  pressure  in  the  high-pressure 
chamber. 


RECOMt-ENDATIONS 


It  is  recommended  that: 

1.  The  comxJuter  be  used  in  the  future  to  ucSj.gn  and  establ.lsii 
arid  charge  for  reactionless  launchers.  This  should  greatly  reduce  the 
time  and  money  spent  on  experimental  design  and  evaluation. 
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2.  Further  research  be  conducted  using  the  computer  to 
establish  the  feasibility  of  high-muzzle- velocity  launchers,  the 
ejection  of  unequal  weights,  and  the  simultaneous  firing  of  multiple 
tube  systems . 

3.  Further  investigation  be  made  on  the  ejection  of  large 

weights . 

4.  A  program  be  conducted  with  proper  instrumentation  to 
determine  the  exact  time  and  brealting  pressure  of  the  shot-start  rod. 

5.  The  dynamic  breaking  pressure  and  the  exact  amount 

of  propellant  burned  before  rupture  of  the  cartridge  case  be  determined 
by  experiment . 

6 .  That  a  factorial  type  experimental  program  be  conducted 
whenever  it  is  desired  to  obtain  data  for  an  analytical  study  of  any 
ballistic  device . 
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APPENDIX  I 
LIST  Of  SYMBOLS 

Bore  area  (in.^) 

--  Total  area  of  the  discharge  orifices  in  the  high-low  ballistic 
system  (in.^) 

--  Burning  rate  exponent 

--  Burning  rate  coefficient  (in./sec-psi®’) 

--  Charge  weight  (lb) 

--  Specific  heat  at  constant  pressure  (ft-lb/lb-°K) 

--  Specific  heat  at  constant  volume  (ft-lb/lb-°K) 

--  Bore  diameter  (in.) 

--  Powder  potential  (ft-lb/lb) 

--  Internal  energy  per  unit  mass  at  any  temperature,  T  (ft-lb/lb) 
--  Impetus  of  a  propellant  (ft-lb/lb) 

—  Acceleration  caused  by  gravity  (ft/sec^) 

—  Sonic  gas  discharge  coefficient,  a  constant  (sec"^) 

--  Subsonic  gas  discharge  coefficient,  a  variable  (sec"^) 

—  Length  of  a  propellant  grain  (in.) 

—  Mass  of  propellant  burned,  or  gas  produced  (lb) 

--  Mass  of  the  gas  ejected  from  the  high-pressure  chamber  into 
the  low-pressure  chamber  in  a  high-low  system  (lb) 

--  Initial  charge  burnt,  or  gas  produced,  when  t  is  zero  (lb) 

--  Number  of  gram-moles  of  gas  per  gram  of  propellant,  tlie 
inverse  of  molecular  weight  (gm-moles/gm) 

--  Pressure  (ib/in.^) 

--  Instantaneous  pressure  i.n  the  high-pressure  chamber  in  a 
high-low  syste.ii  (ib/in.^) 
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Pj^  --  Instantaneous  pressure  In  the  low-pressure  chamber  in  a  high- 
low  system  (ib/in.^) 

Pgg  —  Shot-start  pressure  (ib/in-^) 

R  --  Molar  gas  constant  (2782  ft-lb/lb-niole-'^K) 

r  —  Linear  burning  rate  of  a  propellant  (in. /sec) 

--  Outside  radius  of  a  single -perforation  propellant  grain  (in.) 

Rp  Inside  radius  of  a  single -perforation  propellant  grain  (in.) 

S  --  Burning  surface  area  of  the  total  propellant  charge  (in. 2) 

Si  —  Surface  area  of  a  propellant  grain,  except  for  its  ends  (in.^) 

T  --  Space  mean  temperature  at  any  time,  t  ('^) 

T„  --  Effective  mean  temperature  in  the  high-pressure  chamber  during 
the  ballistic  cycle  (°K) 

Tg  --  Isochoric  Adiabatic  flame  temperature  (°K) 

t  --  Time;  t  is  zero  when  the  cartridge  case  bursts  (sec) 

V  —  Vol\une  at  time,  t  (in.^) 

Vjj  —  Instantaneous  free  volume  in  the  high-pressure  chamber  (in.^) 

Vl  --  Instantaneous  free  volume  in  the  low-pressure  chamber  (in. 3) 

Vg  --  Initial  volume  (in. 3) 

VgH  --  Initial  volume  of  the  high-pressure  chamber,  without  propellant  (in.'^) 
--  Initial  volume  of  the  low-pressure  chamber  (in. 3) 

Vi  —  Volume  of  a  propellant  grain  (in. 3) 

W  --  Projectile  weight  (lb) 

V  --  Web  of  a  propellant  grain  (in.) 

X  —  Travel  ( in . ) 

—  Total  travel;  stroke  length  (in.) 

--  Velocity  (ft/sec) 


X 
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j 


&  - 
y  _ 

/  - 
aH 

Xl 

P  - 

0  - 
©- 

0- 

-vw— 


HH  ■ 


Acceleration  (ft/sec  ) 

Specific  volume  (in.^/lb) 

Heat  loss  coefficient  (dimensionless) 

Ratio  of  specific  heats  (dimensionless) 

Back-pressure  factor  (dimensionless) 

Effective  mean  impetus  of  the  gases  in  the  hlgli-preasure 
chamber  (ft-lb/lb) 

Effective  mean  impetus  of  the  gases  in  the  low-pressure 
chamber  (ft-lb/lb) 

Densitj'  of  propellant  (lb/in.3) 

Amplifier’  No .  1 

Potentiometer  No.  1 

Recorder  Channel  No.  1 

Resistor  (in  ohms) 

Capacitor  (in  microfarads) 

Multiplier 

Function  Generator 

Diode 
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APPENDIX  II 

GAS  DISCHARGE  IN  A  HIGH-LOW  SYSTEM 

The  equation  for  gaa  discheirge  into  the  low-pressure  chamber  of 
a  high- low  systems  is*: 

»'  - 

0 

where  H'  is  the  mass  of  the  gas  which  reaches  the  low-pressure 
chamber 


*  is  the  back-pressure  factor 

Kg  is  the  sonic  gas  discharge  coefficient^  a  constant 
6,0  X  IQ-S/sec  for  M2  Propellant 
A+  is  the  total  area  of  the  discharge  orifices 
is  the  pressure  In  the  higli-pressure  chamber 
t  is  time 

The  value  of  the  back-pressure  factor,  ^  ,  is  defined  as: 


where  is  the  discharge  coefficient  for  subsonic  flow,  a  variable. 

When  the  ratio  of  the  pressures,  FiyPjj  <  0.^6,  the  gas  flow  is 
said  to  be  "sonic."  Then  /  is  defined  as^l,  and: 

4* 


1 

2 


When  Pl/Pjj  ^  O.56,  the  gas  flow  is  said  to  be  "subsonic." 


*For  additional  information  on  gas  discharge  see  Corner,  "Theory  of 
Interior  Ballistics  of  Guns,"  Wiley  and  Sons,  1951 • 
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Therij  Kq  varies  with  the  pressure  ratio  as  follows: 


i 


where 


r 


IC 


2  y 


Xh 


2 

r 


'P; 


H 


is  the  ratio  of  specific  heats^  assumed  to  be 
is  the  effective  mean  impetus  of  the  gases  in 
chamber 


1.25 

the  high-pressure 


The  resulting  values  of  ^  for  y  -  1.25  are  given  in  Table  VI  and  plotted 
in  Figure  22. 


Table  VI .  Variation  of  Back-Pressure  Factor 
with  Pressure  Batio 


/ 

/ 

0.56 

1.000 

0.94 

0.507 

0.60 

0.995 

0.96 

0.419 

0.70 

0.9i^8 

0.98 

0.300 

0.80 

0.840 

0.99 

0.214 

0.85 

0.755 

0.997 

0.117 

0.90 

O.63& 

1.00 

0.000 

AMLOa  COMPUTER  STUDY  OP  REACTIOWLESS  LAUNCHERS 


59 


O 


Figure  22.  Back  Pressure  Factor  vs  Pressure  Ratio 
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